
C H A P T E R  III

PARENT MCM-41 SYNTHESIS AND CHARACTERIZATIONS

3.1 Introduction

S in c e  1 9 9 2 , th e  d is c o v e r y  o f  a  n e w  fa m ily  o f  m e so p o r o u s  m o le c u la r  s ie v e s ,  
M 41 ร  a r o u se d  w o r ld w id e  s tu d ie s  in  th is  f ie ld  [B e c k , 1 9 9 2 ] , M C M -4 1  is  o n e  m em b er  
o f  th e  M 41  ร  fa m ily , w h ic h  p o s s e s s e s  a reg u la r  h e x a g o n a l array o f  u n ifo r m  p ore  
o p e n in g s . T h e  M C M -4 1  m o le c u la r  s ie v e  h a s  b e e n  in v e s t ig a te d  e x t e n s iv e ly  b e c a u se  
th e  o th er  m e m b e r s  in  th is  fa m ily  are e ith er  th e r m a lly  u n sta b le  or  d if f ic u lt  to  ob ta in . 
T h is  a ttra c tiv e  m a ter ia l h a s p ro m p ted  n e w  o p p o r tu n itie s  fo r  a p p lic a t io n s  in  c a ta ly s is ,  
c h e m ic a l se p a r a tio n , a d so r p tio n  m e d ia  an d  a d v a n c e d  c o m p o s ite  m a te r ia ls  [Z h a o , 
1 9 9 6 ]. U n fo r tu n a te ly , M C M -4 1  h a s n o t  y e t  b e e n  c o m m e r c ia l iz e d , s o  it is  n e c e s s a r y  to  
p rep are M C M - 4 1 m a te r ia ls  for  fu rth er c o m p a r iso n  w ork .

T h is  ch a p ter  p r e se n ts  a c o m p r e h e n s iv e  o v e r v ie w  o f  M C M -4 1  sy n th e s is ,  b y  
m e a n s  o f  c o m m o n  p rep ara tion  te c h n iq u e  at ro o m  tem p era tu re  an d  a tm o sp h er ic  
p ressu re  a s  w e ll  a s  its  p r o p o se d  fo rm a tio n  m e c h a n ism s . T h e  s tu d ie s  o f  th e  e f fe c t  o f  
sy n th e s is  p a ra m eters  su c h  as a g in g  t im e  and  p H  are a lso  d is c u s s e d . T h e  b a s ic a lly  
p h y s ic a l c h a r a c te r iz a tio n s  for  p o r o u s  s o l id s  i .e . ,  d is t in c t iv e  c r y s ta ll in ity , fu n c tio n a l  
g ro u p s d e te r m in a tio n  an d  su r fa ce  p rop erty  a n a ly s is  in c lu d in g  su r fa c e  area , p o re  s iz e  
d istr ib u tio n , p o r e  d ia m e te r  are p er fo rm ed . T h e  p h y s ic a l p r o p e r tie s  o f  M C M -4 1  are 
th en  e v a lu a te d  b y  c o m p a r in g  it w ith  w h a t h a s b e e n  that fo u n d  in  th e  litera tu res.



2 3

3.2 Objectives

T h e  s y n th e s is  o f  th e  M C M -4 1  p ro to ty p e  an d  its  ch a r a c te r iza tio n  w e r e  
d e sc r ib e d  in  th is  ch ap ter . T h e  m a in  o b je c t iv e s  w e r e  l is te d  b e lo w .

1. T o  s y n th e s iz e  s i l ic e o u s  M C M -4 1  m ater ia l as a  c o n tr o lle d  sa m p le  
f o l lo w in g  th e  m e th o d  rep orted  e lse w h e r e . In c o n s id e r a t io n  o f  th e  M C M -4 1  
p rep a ra tio n , th e  r e a so n a b le  p ro ced u re  w a s  in tro d u ced .

2 . T o  e x a m in e  ty p ic a lly  p h y s ic a l ch a r a c te r is tic s  o f  th e  m e s o p o r o u s  s o l id  and  
c h e m ic a l  c o m p o s it io n s  o f  th e  s y n th e s iz e d  M C M -4 1  m ater ia l. T h e  
c o m p a r iso n  o f  a ll p ro p erties  o f  th e  sa m p le  a n d  th e  M C M -4 1  fo u n d  in  
r e fe r e n c e s  w e r e  a lso  illu stra ted .
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3.3 Literature Review

3.3.1 Molecular Sieve Materials

P o ro u s s o l id s  are u se d  te c h n ic a lly  a s  a d so r b e n ts , c a ta ly s ts  an d  c a ta ly st  
su p p o rts  d e p e n d in g  to  th e ir  su r fa c e  p ro p er tie s . A c c o r d in g  to  th e  In tern a tio n a l U n io n  
o f  P u re an d  A p p lie d  C h e m istr y  (IU P A C ) d e f in it io n , p o r o u s  m a te r ia ls  c a n  b e  c la s s if ie d  
in to  th ree  g ro u p s: m a c r o p o r e s  w ith  d ia m eters  greater  th an  5 0 0  Â , m e so p o r e s  w ith  
d ia m e te r s  b e tw e e n  2 0  an d  5 0 0  Â , an d  m ic r o p o r e s  w ith  d ia m e te r s  le s s  th an  2 0  Â . T h e  
v a r io u s  m o le c u la r  s ie v e s  g e n e r a lly  fo u n d  in  th e  a p p lic a tio n s  o f  m a te r ia ls  a n d  c a ta ly s is  
c h e m is tr y  h a s b e e n  ord ered  b y  th e  d eterm in a tio n  b a se d  o n  p o r e  d ia m e te r  a s  p resen ted  
in  T a b le  3 -1 .

Table 3-1 P o re  s iz e  d istr ib u tio n  o f  v a r io u s  m o le c u la r  s ie v e s  [Z h a o  e t  a l, 1 9 9 6 ].

Pore size (Â) Definition Typical material Pore diameter (Â)
> 5 0 0 M a c ro p o ro u s > 1 0 0

2 0 - 5 0 0 M e so p o r o u s M C M -4 1 1 5 -1 0 0
< 2 0 M ic r o p o r o u s Z e o lite < 1 5

C lo v e r ite 6 .0  X 13.2

U ltr a -la r g e  p o res J D F -2 0 6 .2  X 14.5

A IP O 4 - 8 7 . 9 x 8 . 7 7

F a u ja site 7 .4
Large pores A IP O 5 - 5 7 .3

Z S M -1 2 5 .5  X 5 .9

M e d iu m  p ore
Z S M -4 8 5 .3  X 5 .6
Z S M -5 5 .3  X 5 .6

S m a ll p ore
C a A 4 .2

S A P O -3 4 4 .3
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A t p r e se n t, p o r o u s  m a ter ia ls  h a v e  p la y e d  an  im p ortan t r o le  in  c a ta ly s is . T h e y  
e x h ib it  o u ts ta n d in g  p r o p e r tie s  su c h  as large  su r fa ce  area a n d  h ig h  a d so r p tio n  ca p a c ity , 
o f  w h ic h  h y d r o p h o b ic ity  or  h y d r o p h ilic ity  can  b e  ta ilo red  b y  tu n in g  ca rb o n  ch a in  
le n g th  o f  su r fa c ta n ts  an d  c o n tr o llin g  sy n th e s is  fac tors . F u rth erm ore , th e  ch a n n el 
o p e n in g s  a n d  c a v it ie s  are in  th e  r a n g e s  o f  m a n y  in terests . T h e  u n iq u e  p o re  structure  
m a k e s  th e  m a te r ia ls  a b le  to  r e c o g n iz e  m o le c u le s  and  fa c il ita te  th e  s e le c t iv ity  o f  
r e a c tio n s , tr a n s itio n  sta te s  an d  p ro d u cts  w ith in  th o se  p o res . T h is  m a y  b e  u se d  to  d irect  
p r o c e s s e s  to w a r d s  d e s ir e d  p ro d u cts . C o n se q u e n tly , large  p o re  c r y s ta ll in e  m a ter ia ls  are  
n o t a p p lic a b le  in  c a ta ly t ic  p r o c e s s e s  e v e n  th o u g h  larg e  p o r e  m a ter ia l h a s  b e e n  m ad e. 
T o d a y  th e  m o s t  p r o m is in g  m a ter ia ls  in  th e  m ic r o p o r o u s  an d  m e so p o r o u s  r a n g e s  se e m  
to  b e  m o r e  a ttra c tiv e .

W e ll-k n o w n  m e m b e r s  o f  th e  m ic r o p o r o u s  se r ie s  are z e o l i t e s ,  c r y s ta ll in e  s il ic a  
c o m p o u n d s  s y n th e s iz e d  fro m  a c o m p le x  o f  a m o rp h o u s s i l ic a  an d  in o r g a n ic  m a ter ia ls . 
T h e  s e l f -a s s e m b ly  o f  p o ly m e r iz e d  [SiC>4 ]4' an d  [ A 1 0 4 ]5’ p r o v id e s  th e  c o n d e n sa t io n  o f  
s i l ic a te  io n  stru c tu r in g  in  a lu m in o s ilic a te s  n e tw o r k s . T h e  v a r io u s  c o o r d in a tio n  ty p e s  
o f  z e o l i t e  are fo u n d  a s  F a u ja s ite  X  an d  Y , Z S M -5 , Z S M -1 2  an d  Z S M -2 2 . Z e o lite s  
h a v e  b e e n  g r e a t ly  e x p a n d e d  in  th e  in terests  for  th e  u se s  a s  a d so r b e n ts  an d  e x c e lle n t  
m a ter ia ls  fo r  c a ta ly t ic  r e a c tio n  w ith in  in d u str ia l areas d e d ic a te d  to  o i l  r e fin in g , 
p e tr o c h e m is tr y , s y n th e s is  o f  c h e m ic a ls  an d  e n v ir o n m e n ta l a p p lic a t io n s . H o w e v e r ,  
th e ir  a p p lic a t io n s  are lim ite d  d u e  to  th e ir  sm a ll p o re  o p e n in g  w h ic h  is  u n a c h ie v a b le  
w ith  th e  la rg e  k in e t ic  d ia m e te r  o f  so m e  reactan ts [Jen , 2 0 0 0 ] .

In 1 9 8 8 , Y a n a g is a w a  e t a l. rep o rted  th e  sy n th e s e s  o f  ord ered  m e so p o r o u s  
m a te r ia ls  w ith  n a rro w  p o re  s iz e  d istr ib u tio n s  an d  larg e  su r fa c e  a reas. T h e  m a ter ia ls  
w e r e  p rep a red  fr o m  th e  la y e r e d  p o ly s i l ic a te  n a m e d  k a n e m ite . F irst th e  N a  io n s  in  th e  
k a n e m ite  in te r la y e r s  are  io n -e x c h a n g e d  b y  a lk y ltr im e th y l a m m o n iu m  c a t io n s . S e c o n d ,  
th e  f le x ib le  k a n e m ite  la y e r s  fo ld  an d  c r o s s - lin k  to  ea c h  o th er  and  in  th is  w a y  an  
in o r g a n ic  fr a m e w o r k  is  fo rm ed . T h e  d r iv in g  fo r c e  o f  th is  rea rra n g em en t is  a s su m e d  to  
b e  th e  stru ctu ra l lo s s  o f  k a n e m ite  and  th e  a b ility  o f  th e  su r fa c ta n ts  to  tra n sfo rm  from  
b ila y e r  s tru ctu res to  c y lin d r ic a l m ic e lla r  a g g r e g a te s . T h e  s i l ic a te  s p e c ie s  rearrange  
further a rou n d  th e  m ic e l le s  and  s ila n o l c o n d e n sa t io n  f in a lly  fo rm s an  in o rg a n ic  
n etw o rk .
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In 1 9 9 2 , r e sea rch ers  at th e  M o b il R e se a r c h  an d  D e v e lo p m e n t  C orp ora tion  
rep o rted  th e  fir st s u c c e s s fu l  sy n th e s is  o f  th e  M 41  ร  fa m ily  o f  s i l ic a te /a lu m in o s ilic a te  
m e so p o r o u s  m o le c u la r  s ie v e  w ith  e x c e lle n t  u n ifo rm  p o r e  stru ctu re  an d  n arrow  p ore  
s iz e  d istr ib u tio n  in  th e  ran ge  o f  15 and  1 00  Â  [B e c k  e t  a l., 1 9 9 2 ] , T h e  n e w  c o n c e p t  o f  
th e  sy n th e s is  p r o p o se d  is  th e  u se  o f  s e lf -a s s e m b le d  su rfa cta n ts  su c h  a s  c e ty ltr im e th y l  
a m m o n iu m  (C T A )  c a t io n  as a m o le c u le  tem p la te  rather th an  th e  c o n v e n t io n a l s in g le -  
te m p la te d  z e o l i te .  M 4 1  ร  h a v e  b e e n  g r o u p e d  in to  fou r  c a ta g o r ie s , as s e e n  in  F igu re  3 -  
1. T w o  h a v e  b e e n  id e n tif ie d  a s  th e  th erm a lly  stab le: M C M -4 8  d is p la y in g  a  th ree-  
d im e n s io n a l, c u b ic -o r d e r e d  p o re  stru ctu re an d  M C M -4 1  h a v in g  a o n e -d im e n s io n a l,  
h e x a g o n a lly -o r d e r e d  p o re  stru ctu re. T h e  tw o  o th er  u n s ta b le  p h a se s  are la m ella r  
M C M -5 0  an d  m o le c u la r  o c ta m er .

Disordered rods MCM- MCM-

Lamellar phase

Figure 3-1 P h a se  fo rm a tio n  o f  M C M  fa m ily  o b ta in e d  fro m  C T A B /S iC V w a te r  
[S e lv a m  e t  a l., 2 0 0 1 ] ,

A ll  o f  th e s e  p h a se s  p r o v id e  w e ll-d e f in e d  X R D  p a ttern s. F ig u r e  3 -2  illu stra tes  
th e  ty p ic a l d iffr a c tio n  pattern  a lo n g  w ith  th e  d iso rd ered  fo r m s. T h e s e  m a ter ia ls  are 
fu n d a m e n ta lly  d if fe r e n t  fro m  z e o l i t e s  b y  th e fa c t that th e ir  p o r e  w a l ls  are a m o rp h o u s  
and  p o re  s iz e s  are larg er  in  th e  m e so p o r o u s  ran ge  [Z h a o  e t  a l., 1 9 9 6 ]. T h e  fu n c tio n a l 
g r o u p s  a n a ly s e s  o f  M C M -4 1  m o le c u la r  s ie v e  are carried  o u t b y  Infrared  sp e c tr o sc o p y .  
F ig u re  3 -3  s h o w s  th e  F T IR  sp ec tru m  o f  th e  c a lc in e d  sa m p le s  c o m p a r e d  to  a m o rp h o u s
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s il ic a . T h r e e  a b so r p tio n  p e a k s  id e n tic a l to  a m o rp h o u s s i l ic a  are o b se r v e d , w h e r e a s  the  
p ea k  n ear  9 6 1  c m '1 is  p a r ticu la r ly  o b se r v e d  in  th e  M C M -4 1  m a ter ia l.

Figure 3-2 P o w d e r  X -r a y  d iffra c tio n  patterns o f  (a )  d iso r d e r e d  M C M -4 1 , (b )  ordered  
M C M -4 1 , (c )  M C M -4 8 , (d )  M C M -5 0  and  (e )  O cta m er  [S e lv a m  e t  a l., 2 0 0 1 ] ,
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Figure 3 -3  F T IR  sp ec tra  o f  M C M -4 1  m o le c u la r  s ie v e  an d  a m o r p h o u s  s i l ic a  [G u,
19 9 9 ] .

M C M -4 1 , o n e  o f  th e  M 41  ร  fa m ily , h as a ttracted  w o r ld w id e  in terest in  m an y  
area s o f  p h y s ic a l ,  c h e m ic a l ,  an d  e n g in e e r in g  s c ie n c e s .  T h is  is  b e c a u s e  o f  its structural  
s im p lic ity  an d  e a s e  in  p rep ara tion  w ith  n e g lig ib le  p o r e -n e tw o r k in g  a n d  p o r e -b lo c k in g  
e f fe c ts .  M C M -4 1  h a s a lso  b e e n  id e n tif ie d  a s  the m o st  su ita b le  m o d e l o f  m e so p o r o u s  
a d so rb en t p r e se n tly  a v a ila b le  for  th e  a d so rp tio n  s tu d ie s . T h e  p r o m in e n t fea tu res  o f  
s i l ic e o u s  M C M -4 1 , and  in  g e n e r a l o f  m o st  m e so p o r o u s  m a ter ia ls  are  a s  fo l lo w s :  w e ll-  
d e f in e d  p o re  sh a p e s  (h e x a g o n a l/c y lin d r ic a l) ;  n arrow  d is tr ib u tio n  o f  p o re  s iz e ;  v ery  
h ig h  d e g r e e  o f  p o r e  o rd erin g ; ta ilo r in g  an d  fin e -tu n in g  o f  th e  p o re  d im e n s io n s  (1 .5 - 5 0  
n m ); la rg e  p o r e  v o lu m e s  (>  0 .6  c m 3 g ' 1); e x c e p tio n a l so r p tio n  c a p a c ity  (6 4  w t%  o f  
b e n z e n e  at 5 0  T orr and  2 5  °C ); v e r y  h ig h  su r fa ce  area  ( 7 0 0 - 1 5 0 0  m 2 g ' 1); h y d r o p h o b ic  
an d  m ild  a c id ic  su r fa c e , h ig h  su r fa ce  r ea c tiv ity ; e a s e  o f  m o d if ic a t io n  o f  th e  su rfa ce  
p ro p er tie s , an d  e x c e l le n t  th erm a l, h y d ro th erm a l, c h e m ic a l,  an d  m e c h a n ic a lly  s ta b ility .

T h e  e x c e l le n t  p ro p er tie s  o f  M C M -4 1  are c o n d u c iv e  for  a n u m b er  o f  im p ortan t  
a p p lic a t io n s  su c h  a s  a d so rp tio n , sep a ra tio n , io n  e x c h a n g e , c a ta ly s is ,  and  m o le c u la r  
h o sts . In th e  p a st fe w  y e a r s , th e  e x p a n s io n  o f  the a c t iv it ie s  an d  s c ie n t i f ic  resea rch  for  
th is  v e r sa t ile  m a ter ia l h as b e e n  w itn e s se d . O n e  o f  in te r e s t in g  a d v a n ta g e s  for  M C M -4 1



29

h as r e c e n tly  b e e n  p e r fo r m e d  in  e n v ir o n m e n ta l resea rch . C o n v e r s io n  o f  f ly  ash  in to  
M 41 ร  ty p e  m a te r ia ls , m em b ra n e , c h r o m a to g ra p h y , e le c tr o n -tr a n sfe r  m a ter ia ls , and  
so rp tio n  o f  h e a v y  m e ta ls  an d  v o la t ile  o r g a n ic  su b sta n c e s  h a v e  b e e n  d e v e lo p e d . D u e  to  
str in g en t e n v ir o n m e n ta l re g u la tio n s , h e te r o g e n e o u s  c a ta ly s is ,  o th e r  a ltern a tiv e  for  
e n v ir o n m e n ta l a p p lic a tio n , o ffe r s  s im p le  sep a ra tio n , e a s y  r e c o v e r y , reu se , w a ste  
r e d u c tio n , a n d  e lim in a tio n  o f  h a za rd o u s c h e m ic a ls , in  a d d it io n  to  th e ir  u s e s  in  both  
g a s  an d  liq u id  p h a se  o p e r a tio n s . H o w e v e r , the lim ita tio n  o f  s i l ic e o u s  M C M -4 1  in  
c a ta ly tic  p r o c e s s  is  its  n eu tra l fra m ew o rk . W ith o u t a n y  c h e m ic a l  m o d if ic a t io n , it has  
g rea tly  u t il ity  a s  a d so r b e n ts , m o le c u la r  s ie v e s ,  an d  su p p o rts . F o r  a d v a n c e  in  the  
v a r ie ty  o f  c a ta ly s is ,  it n e e d s  to  b e  m o d if ie d  b y  th e  in co rp o ra tio n  o f  h e te r o io n s  in to  the  
s il ic a te  fr a m e w o r k  to  p r o m o te  its  c a p a b ility . R e c e n tly , th e  h e te r o g e n e o u s  ca ta ly tic  
r e a c tio n s  s u c h  a s  h y d r o g e n a tio n , h y d r o c r a c k in g , h y d r o d e su lfu r iz a tio n , 
h y d r o d e n itr o g e n a tio n , h y d r o d e h a lo g e n a tio n , n itr ic  o x id e  r e d u c tio n , ca rb o n  m o n o x id e  
o x id a tio n  an d  p o ly m e r iz a t io n  re a c tio n s  h a v e  b e e n  e s ta b lish e d .

3.3.1.1 Synthesis of Siliceous MCM-41 Molecular Sieve

T h e  o r ig in a l M C M -4 1  sy n th e s is  w a s  carried  o u t in  w a te r  u n d er  a lk a lin e  
so lu t io n  s im ila r  to  z e o lite .  T h e  fou r  m a in  c o m p o n e n ts  in  th e  M C M -4 1  s y n th e se s  are 
str u c tu r e -d ir e c tin g  su r fa cta n ts , a so u r c e  o f  s i l ic a , a so lv e n t  an d  a c a ta ly s t , an a c id , or a 
b a se . In th e ir  p io n e e r in g  w o r k  o n  th e M 41  ร  m a ter ia ls , th e  M o b il  resea rch ers  u sed  
a lk y ltr im e th y l a m m o n iu m  h a lid e s  a s  th e  s tr u c tu r e -d ir e c tin g  su rfactan ts  and  
c o m b in a tio n s  o f  so d iu m  s il ic a te , te tr a e th y lo r th o s ilic a te  (T E O S )  an d  fu m e d  s il ic a  
(a n h y d r o u s a m o r p h o u s  s i l ic a )  a s  th e  s i l ic a  so u r c e . In  th e  c a s e s  o f  a lu m in o s ilic a te  
m a ter ia ls , an  a lu m in u m  so u r c e  w a s  a d d ed  a s  w e ll .

L o w  m o le c u la r  w e ig h t  su rfa cta n ts , C nH 2 n+i(C H 3 ) 3 N + (ท= 8 - 2 2 )  or
C nH 2n+1C 5H 5N + (ท =  12 or  16) w h ic h  h a v e  a h y d r o p h ilic  (w a te r -s o lu b le )  h ea d g ro u p  
and  a h y d r o p h o b ic  (w a te r - in so lu b le )  ta il grou p  w e r e  e m p lo y e d  a s  s tru c tu re -d irec tin g  
a g e n ts . In g e n e r a l, th e  su rfa cta n ts  w ith  12, 14 , and  16 ca rb o n  a to m s  g iv e  g o o d  M C M -  
41 p ro p er tie s  b e c a u s e  m ic e l le  p a c k in g , a m ajor  p aram eter  o f  m a ter ia l c r y s ta llin ity , is  
su ita b ly  c o n tr o lle d . T h e  h ig h -m o le c u la r -w e ig h t  su rfa cta n ts  (>  C ig ) are d if f ic u lt  to  
d is s o lv e  an d  ra re ly  u se d . O n  th e o th er  h an d , th e  lo w e r -m o le c u la r -w e ig h t  su rfactan ts
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(<  C io ) s e e m  to  h a v e  d iffe r e n t in  fo rm s th e s e lf -a s s e m b le d  sh a p e  w h ic h  p r o v id e s  le s s  
ord er  m a te r ia ls  w ith  b road  p o re  s iz e  d istr ib u tio n . T h e  d iffe r e n t p o re  s iz e s  o f  M C M -4 1  
(2 -5  n m ) c a n  a ls o  b e  c o n tr o lle d  b y  v a r y in g  th e  a lk y l c h a in  len g th . L arger  p ore  
d ia m e te r  c a n  b e  o b ta in e d  b y  u s in g  la r g e -h e a d -g r o u p  c a t io n ic  su rfa cta n ts .

T h e  s ta b iliz e d  b in a ry  m ix tu re  w a s  p ro d u ced  as b y  th e  fo l lo w in g  p roced u re . 
T h e  s i l ic a  so u r c e  is  h y d r o ly z e d  a n d  c o n d e n se d  to  form  m u ltic h a r g e d  a n io n s  that can  
c o o r d in a te  w ith  th e  su rfactan t h ea d g ro u p s . T h e  s i l ic a  s p e c ie s  an d  th e  su rfactan t 
a s s e m b le  in to  a s ilic a -su r fa c ta n t p h a se , and  a g e l  n e tw o r k  is  fo rm ed . It w a s  n o tic e d  
that th e  fo r m a tio n  o f  s ta b le  M C M -4 1  is  a lso  a ffe c te d  b y  th e  r e a c t iv ity  o f  the  
in g r e d ie n ts  u se d  in  s y n th e s is . F o r  e x a m p le , so d iu m  s i l ic a te  is  m o r e  r e a c t iv e  than  
f ilm e d  a m o r p h o u s  s i l ic a  [C h en , 1 9 9 3 ]. T h en , th e  b in ary  m ix tu r e  u n d er  con sta n t 
stirr in g  w a s  a g e d  at cer ta in  tem p era tu res for  2 4 - 1 4 4  h  d e p e n d in g  o n  th e m e th o d  u sed . 
C h en  a ls o  fo u n d  that th e  sh orter  sy n th e s is  t im e  can  b e  o b ta in e d  b y  in c r e a s in g  
s y n th e s is  tem p era tu re . T h e  pH  o f  th e  sy n th e s is  g e l  w a s  th en  a d ju sted  in  th e  ran ge o f  
8 - 1 1  u s in g  a m in era l a c id  or b a se  su c h  a s  so d iu m  h y d r o x id e  or  a m m o n iu m  h y d ro x id e . 
A fte r  c r y s ta ll iz a t io n  in  an a g in g  p e r io d , th e  s i l ic a te  io n s  w e r e  c o n d e n s e d  to  form  a 
s i lo x a n e  fr a m e w o r k  an d  th e s o l id  p ro d u cts  w e r e  filte r e d , w a s h e d  w ith  d e io n iz e d  w ater  
an d  d ried . F in a lly , th e  m a ter ia ls  w e r e  c a lc in e d  at 5 5 0  ๐c  u n d er  g a s  f lo w  (n itro g en , 
o x y g e n , or  a ir) to  r e m o v e  th e  o r g a n ic  tem p la te  [B e c k , 1 9 9 2 ] , S e lv a m  (2 0 0 1 )  a lso  
rep o rted  that d e p e n d in g  o n  th e a ctu a l sy n th e s is  s tr a te g ie s  su c h  a s  h yd ro th erm a l, 
m ic r o w a v e  o r  a m b ie n t sy n th e s is , th e  p rec ip ita te  ca n  ty p ic a lly  b e  o b ta in e d  from  room  
tem p era tu re  u p  to  1 5 0  ๐c  in fe w  m in u te s  to  se v e r a l d a y s . A fte r  c a lc in a t io n s , th e  w h ite  
b u lk y  s o l id  c o n ta in in g  h e x a g o n a lly  p o r o u s  stru ctu res w e r e  p ro d u ced . T ra n sm ittio n  
E le c tr o n  M ic r o s c o p e  (T E M ) im a g e  s e e n  in  F ig u re  3 -4  d isp la y s  th e  w e l l -d e f in e d  h o n e y  
c o m b  stru ctu re , a u n iq u e  c h a ra c ter is tic  o f  M C M -4 1  m a ter ia l p rep ared  from  C 6 

o r th o s ilic a te . H o w e v e r , it w a s  e v id e n t  that m e th o d s  fo r  su rfa cta n t r e m o v a l b y  
c a lc in a t io n s  a f fe c t  th e  su r fa ce  area, p o re  s iz e ,  an d  p o re  v o lu m e  o f  m ater ia l. T h e  
a lte r n a tiv e  te m p la te  e x tr a c tio n s  in c lu d in g  a c id  trea tm en t, o x y g e n  p la sm a  treatm en t, 
liq u id  p h a se  e x tr a c tio n  an d  su p ercr itica l f lu id  e x tr a c tio n  h a v e  b e e n  e m p lo y e d . In c a se  
o f  s o lv e n t  e x tr a c tio n , a c id , e th a n o l, a m m o n iu m  a c e ta te , an d  a m ix tu r e  o f  e th a n o l and  
a m m o n iu m  a c e ta te  are c o m m o n ly  u se d . T h e  s o lv e n t  ex tr a c ted  M C M -4 1  h a s  a larger  
p ore  s iz e  th an  th e  c a lc in e d  sa m p le .
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Figure 3-4 H ig h  r e so lu t io n  T E M  im a g e s  o f  c a lc in e d  M C M -4 1  [J a ro n iec  e t  a l., 2 0 0 1 ] .

R y o o  a n d  K im  ( 1 9 9 5 )  p r o p o se d  th e sy n th e s is  o f  a  h ig h ly  c r y s ta ll iz e d  M C M -4 1  
b y  m ix in g  a lk y ltr im e th y la m m o n iu m  b ro m id e  w ith  so d iu m  s i l ic a te  (1 1 .3  w t%  N a 2SiC>4 

an d  8 8 . 6  w t%  H 2 O ) at ro o m  tem p eratu re. T h e  pH  o f  th e  m ix tu r e  w h ic h  w a s  in it ia lly  
h e a te d  to  1 0 0  ๐c  fo r  1 d a y  w a s  a d ju sted  at 10 b y  th e a d d it io n  o f  3 0  w t  %  o f  a c e t ic  
a c id  fo l lo w in g  b y  h e a t in g  a s  b e fo r e . T h e  la tter p ro ced u re  w a s  re p e a te d  tw ic e  b e fo r e  
s o l id  f iltra tio n . A n o th e r  s tu d y  o f  th e  e f fe c t  o f  v a r io u s  a c id  an d  p H  a d ju stm en ts  on  
M C M -4 1  stru ctu re  w a s  c o n d u c te d  b y  E d ler  and  W h ite  ( 1 9 9 7 ) .  T h is  w a s  a c h ie v e d  w ith  
su lfu r ic  a c id  a n d  a p H  in  th e  ran ge  o f  9 -1 0 . B y  m e a n s  o f  r e c o m m e n d e d  p r o ced u res , 
th e  h ig h ly  o rd ered  M C M -4 1  w ith  n arrow  p ore  s iz e  d istr ib u tio n  w a s  o b ta in e d .

C h e n  a n d  W a n g  ( 2 0 0 2 )  in tro d u ced  a n oth er  rou te  for  th e  s y n th e s is  o f  M C M -4 1 ,  
c o n ta in in g  c o m p le m e n ta r y  tex tu ra l p o r o s ity  and  h ig h  th erm a l s ta b ility . T h e  d iffe r e n c e  
c o m p a r e d  to  R a y o o  and  K im  w a s  th e c h a n g e  in  th e  s i l ic a  so u r c e . In stea d  o f  u s in g  
so d iu m  s i l ic a te ,  te tra eth y l o r th o s ilic a te  (T E O S ) w a s  e m p lo y e d  a s  a r e a c t iv e  s il ic a te  
p recu rsor . T h e  g e l  w a s  p rep ared  b y  a m ix tu re  o f  C T A B  a n d  T E O S  w ith  th e  o p tim u m  
su r fa c ta n t/ s i l ic o n  m o la r  ra tio  o f  0 .1 0 . T h e y  a lso  fo u n d  th at an  in c r e a se  o f  T E O S  
c o n te n t in  th e  in it ia l g e l  r e su lte d  in  a m a ter ia l w h ic h  is  n o  lo n g e r  m e so p o r o u s  d u e  to  
th e  p r o d u c tio n  o f  th e  e x c e s s  e th a n o l from  th e  h y d r o ly s is  a n d  c o n d e n sa t io n  o f  T E O S . 
L ik e w is e , K u m a r (2 0 0 1 )  p r o p o se d  th e n o v e l  s y n th e s is  o f  M C M -4 1  at ro o m  
tem p era tu re  w ith  h ig h  r e s is t iv ity  to  h y d r o ly s is  b y  u s in g  C T A B  an d  T E O S  w ith  the  
m o la r  ratio  1 M  T E O S : 12 .5  M  N H 4 O H : 5 4  M  E tO H : 0 .4  M  C T A B : 1 7 4  M  H 20 .
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The thermal and hydrothermal stability of MCM-41 were improved by 
decreasing the number of silanol groups in the framework structure. Igarashi et al. 
(1999) found that the low hydrothermal stability in water o f MCM-41 was due to the 
hydrolysis of siloxane bonds in the presence of adsorbed water even in air saturated 
with moisture. Increasing the hydrophobicity by decreasing the silanol groups was 
introduced for the enhancement of hydrothermal stability. The removal of silanol 
groups can be done by postsynthesis treatment with acid, modification by silylation 
and ion exchange with alumina.

The Mobil researchers also found that the relative concentrations of the 
species present in the synthesis solutions were the great importance for the final pore 
structures. The pore diameter of MCM-41 increases as the chain length of the 
surfactant increases. This brought about the modification of synthesis methods by 
improving the long-range structure of MCM-41. Furthermore, the optimum pH value 
for the synthesis gel and surfactant/silicate ratio are found to be main parameters 
related to the structural appearance of MCM-41. The effects of these two synthesis 
parameters were reviewed as shown below.

3.3.1.1.1 Effect of Surfactants/Silicate Ratio

As mentioned above, a mixture of n-alkyltrimethylammonium and ท- 
alkyltriethylammonium surfactant cations (ท = 12-22) are commonly used for ordered 
MCM-41 preparation. In a simple binary system of water-surfactant, surfactant 
molecules act as very active components affecting the first stage formation of ionic 
template. With increasing concentration, surfactant molecules aggregate together to 
form micelles in order to decrease the system entropy. The initial concentration 
threshold at which monatomic molecules aggregate to form isotropic micelles is 
called cmc (critical micellization concentration).
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Figure 3-5 Phase sequence of surfactant and water binary system adapted from Zhao 
[1996],

Figure 3-5 presents the phase sequence of the surfactant and water binary 
system. As the concentration process continues, hexagonal close packed arrays 
appear, producing the hexagonal phases. The next step in the process is the 
coalescence of the adjacent, mutually parallel cylinders to produce the lamellar phase. 
The cubic phase is generally believed to consist of complex, interwoven networks of 
spherical aggregates.

The particular phase in a surfactant aqueous solution depends not only on the 
concentrations but also on the nature of itself (the length of the hydrophobic carbon 
chain, hydrophilic head group, and counterion) and the environmental parameters 
(pH, temperature, its ionic strength, and other additives). Generally, the cmc decreases 
with the increase of the chain length of a surfactant, the valency of the counterions, 
and the ion strength in a solution, respectively. On the other hand, it increases with 
increasing counterion radius, pH, and temperature.

For example, in an aqueous solution at 25 ๐c , the cmc is about 0.83 mM for 
surfactant C|6H33(CH3)3N+ Br; between the cmc and 11 wt %, small spherical 
micelles are present; in the concentration range of 11-20.5 wt %, elongated flexible 
rodlike micelles are formed [Chen et al., 1993]; hexagonal liquid crystal phases 
appear in the concentration region between 26 and 65 wt %, followed by the
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formation of cubic, lamellar, and reverse phases with increasing concentration 
[Lawrence, 1994], As the temperature increases, the required concentration for a 
sphere-to-rod transformation increases as well. At 90 ° c ,  the hexagonal phase is 
observed at a surfactant concentration of more than 65% [Steel, 1994],

3.3.1.1.2 Effect of Synthesis pH

Another parameter that influences the crystallinity and quality of MCM-41 is 
the pH of the synthesis gel, as well as the nature of pH adjustment. The immediate pH 
adjustment results in poorly crystallized structure of MCM-41. On the other hand, the 
gradual adjustment of pH prolongs the surfactant molecules and silicate species 
assembling together to form more ordered molecular structures.

There are various silicate structures found in an alkaline solution so far. These 
silicate species are important for the formation of surfactant template of zeolite and 
molecular sieve synthesis. It has been found that the distribution of these anionic 
silicate species is sensitive to pH, temperature, cation, and Si concentration. A 
reduction in silicon concentration or increase in temperature or pH favors the 
formation of monomer and small oligomers. This various kinds of silicate species 
provide the alternative templates for the reaction of other anionic counterions such as 
monomeric Al(OH)~4 (the only species in alkaline solution with pH 7-13) which is the 
predominant aluminosilicate template for zeolite and molecular sieve synthesis.

3.3.1.2 Formation and Mechanisms of MCM-41 Synthesis

The outstanding mechanism of MCM-41 preparation is different from the 
traditional single molecules templating in zeolite synthesis in that the templates are 
not single organic molecules but long chain surfactants, having an alkyl chain length 
more than 6 carbons (in most case greater than 10 carbons). Since the discovery of the 
MCM series, their several pathway formations and mechanisms have been proposed. 
From the reviews up to the present, the most well known mechanism, suggested by 
Beck et al. (1992) is ‘liquid crystal templating’ or the LCT mechanism. The 
formations of inorganic and organic species are based on electrostatic interactions
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between the positive charges of surfactants and negative inorganic ions. In the model 
from Figure 3-6, two possible reaction pathways were proposed:

Pathway 1. The liquid-crystal phase occurs before silicate ions are added.
Pathway 2. The prior addition of silicate species affects the ordering of self- 
assembly of that surfactant micelle.

Figure 3-6 Possible mechanistic pathways for the formation of MCM-41: (1) liquid 
crystal phase, (2) silicate anion [Beck et al., 1992],

The distinct feature of the LCT mechanism (pathway 1) is that the liquid 
crystalline mesophases or micelles act as templates connecting together like a 
preformed hexagonal array. The final product is a silicate skeleton that contains many 
voids inside after the organic templates are removed. Thus, the silicate condensation 
is not a predominant factor in the performance of mesophase. According to the LCT 
mechanism, the pore size is directly dependent on how existing liquid crystal micelles 
are completely formed.

The influences of alkyl chain length and aging temperature on LCT formation 
were investigated by Beck et al. (1992). An increase of chain length greatly improves 
the subsequence of amorphous phase in the order from poorly ordered MCM-41 to 
well performed MCM-41. On the contrary, on increase of aging temperature 
contributes to the abatement in degree of crystallization, causing poor pore size 
distribution and disarranged mesophase.

Hemgonal
Array

Surfactant Micella Micellar Rod

X ^ U O U O
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In 1993, Chen et al. suggested another MCM-41 mechanism different from 
that previously proposed. The results from XRD, in situ 29Si NMR and 
thermogravimetric analysis insistently defined the model of silicate anions (pathway 
2). No hexagonal LCT was detected either in the synthesis gel or in the surfactant 
solution. The majority of mechanism was that the randomly rod-like micelles 
individually interact with silicate species in the optimal reaction mixture to produce 
two or three monolayers of silicate encapsulation. Then, these random silicate 
cylinders spontaneously pack into a highly ordered mesoporous material. However, in 
order to produce highly ordered hexagonal structures, large amounts of surfactant 
generally more than 10 wt % of total mixture, were required. It can be believed that 
liquid crystal micelles still exist in the mixture; therefore, the LCT mechanism seems 
to be more acceptable.

The differences of these reaction pathways result from the change of 
surfactant properties such as alkyl chain length and the strength of cationic charge. 
Similarly, concentration of surfactant and pH affects the critical micelle concentration 
(CMC) in prepared solution. Beck also suggested that in very dilute aqueous solution 
(~103 to 10'2 mol L'1 surfactant concentration), the existing species are spherical not 
rod-like micelle as was proposed previously.

3.3.2 Gas Phase Adsorption Theory

Physical adsorption or physisorption is an adsorption which is recognized to 
occur at the surfaces of solids is due to van der Waals forces such as those that exist 
between molecules themselves, including electrostatic attraction in the case of 
molecules with permanent dipole moments and induced dipolar attraction. In general, 
physisorption occurs only at temperatures close to the boiling point of the adsorbate at 
the operative pressure and its strength relate to the physical properties of the 
adsorbing species; in other words, the strength depends very little on the chemical 
nature of solids. Unlikely, chemical adsorption or chemisorption involved the 
rearrangement of the electrons of the interacting gas and solid with formation and 
destruction of chemical bonds [Thomas, 1996]. Chemisorption and physisorption are 
usually distinguishable from each other by means of enthalpy of adsorption, which is
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the heat liberated when a mole of a substance is transferred from the gaseous to the 
adsorbed state, activation energy, reaction temperature and number of layers adsorbed 
as summarized in Table 3-2 [Bond, 1987],

Table 3-2 Criteria for distinguishing between chemisorption and physisorption.

Criterion Physisorption Chemisorption
Enthalpy of adsorption (- Hads) 8-20 kJ mol'1 40-800 kJ mol'1
Activation energy {Ea) Zero Usually small

Temperature of occurrence Depends on boiling 
point, but usually low

Depends on E  but 
usually low

Number of layers adsorbed More than one possible Not more than one

Adsorption is usually exothermic because it is a spontaneously occurring 
process, AG is negative or AH-TAS must also be negative. Now AS will also be 
negative because adsorption produces a more ordered system with fewer degrees of 
freedom so, A H  must be negative which means the exothermic process.

3.3.2.1 Classification of Isotherms and Hysteresis Types

The characterization of porous adsorbents and catalysts has become a large 
field of research in the scientific community. The surface areas of both internal and 
external surfaces, as well as the total pore volume, are typically determined using the 
physical adsorption of a gas. It is now known that there are two types of adsorption, 
chemical adsorption (chemisorption) and physical adsorption (physisorption). Some 
of the characteristic differences between these are: 1) chemisorption involves large 
heats of adsorption, typically on the order of a chemical reaction, while physisorption 
involves relatively small heats of adsorption; 2) physical adsorption is readily 
reversible, whereas chemical adsorption requires large energies to break the bonds 
formed; and 3) chemically adsorbed species are limited to a monolayer of coverage, 
whereas physical adsorption can form in multiple layers.
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Many porous solids exhibit isotherm hysteresis where the desorption isotherm 
does not follow the adsorption isotherm. The hysteresis occurs when the desorption 
of the adsorbate from mesopores takes place at a pressure lower than that of capillary 
condensation. In general, hysteresis attributes to the different sizes of the pore mouths 
and pore bodies or to the different adsorption and desorption behaviors in near- 
cylindrical pores. Sing (1989) classified types of hysteresis loops into four patterns 
presented in Figure 3-7. The hysteresis associated with specific isotherm is a physical 
property supporting the characteristic of each different porous solid. There are six 
types of isotherms of gases on solids, as recognized by IUPAC (Barton et al., 1999), 
and these are shown in Figure 3-8. The first five were classified by Brunauer et al. 
(1940) and sub-classes of Type I, II, and IV isotherms are demonstrated in Figure 3-9 
[Rouquerol et ah, 1999].

Relative Pressure (p/p")

Figure 3-7 Types of hysteresis classified by Sing (1989).

Type H] hysteresis loops, in which the adsorption and desorption branches of 
the loop are nearly vertical and almost parallel to each other, are found in solids 
having nearly uniform size pores and a narrow PSD. Type แ 2 hysteresis is broader 
than Type Hi, with the desorption branch.being steeper than the adsorption branch of 
the loop. This type of hysteresis is indicative of complex, interconnected networks of
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pores with varying sizes and shapes. Type H3 hysteresis is found in particles with 
non-rigid, slit-shaped pores. Type H4 hysteresis is common in adsorbents with slit
shaped pores primarily in the micropore range. The closure point of the hysteresis 
loop is dependent on the adsorptive and the operational temperature, and is 
represented by the dashed lines in Figure 3-7.

Figure 3-8 IUPAC classification of adsorption isotherms.

Figure 3-9 Sub-classification of isotherms.

Type I isotherms, originally defined by Langmuir indicates a relatively small 
amount of multilayer adsorption leading to a small external surface area. The sub
class of Type I are la and lb when the primary micropore filling takes place in pores 
at very low relative pressures and cooperative micropore filling takes place in wider
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ones at slightly higher relative pressures, respectively. Type I isotherms are not 
commonly found in practical adsorbents.

Type II isotherms can either be reversible (Ha) or exhibit a Type H3 hysteresis 
loop (lib). The reversible Type II isotherm is typically attributed to monolayer 
formation followed by multilayer formation. Solids exhibiting a Type Ha isotherm can 
be non-porous, macroporous, or possibly even microporous. Type II isotherms are 
commonly encountered in industrial adsorbents.

Type III isotherms are also associated with monolayer-multilayer adsorption; 
however, the adsorbent-adsorbate interactions are weak when compared to adsorbate- 
adsorbate interactions. Type III isotherms with the hysteresis loop typically associated 
with capillary condensation is identified as Type V isotherms. Type III and V 
isotherms are relatively uncommon.

Type I Va and IVb isotherms are commonly found in inorganic oxide xerogels 
and other porous solids. The difference being that multilayer coverage is complete at 
some pressure below the saturation vapor pressure and reflect the phenomenon of 
capillary condensation. Type IVa isotherms exhibit Type Hi hysteresis, while type 
IVb isotherms demonstrate Type H2 hysteresis. Type IVc isotherms are found in 
specially prepared silicas, e.g., MCM-41 type materials, and represent a reversible 
isotherm with a steep vertical section, which occurs in materials with a narrow range 
of uniform, cylindrical pores. With certain qualifications, it is possible to analyze 
Type IV isotherms by means of Nitrogen 77 K in order to obtain a reasonable 
estimate o f the specific surface and an assessment of the pore size distribution.

A Type VI isotherm is typically found during adsorption of a simple non-polar 
gas on a uniform surface such as graphite. The steps represent a layer-by-layer 
adsorption process onto the solid.

3.3.2.2 A Model System for Adsorption Studies on Mesoporous Materials

In 1911, Zsigmondy theorized that vapors can condense in small pores, now 
known as mesopores, and current theory of capillary condensation is based largely on
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this theory [Rouquerol et ah, 1999, Gregg & Sing, 1982]. Zsigmondy advanced 
studies by Lord Kelvin; based on thermodynamic principles that the equilibrium 
vapor pressure over a concave meniscus of liquid is less than that o f the saturation 
vapor pressure. When a vapor condenses on a flat surface, a mechanical equilibrium 
exists between the vapor and liquid phases. In order to maintain this equilibrium on a 
flat surface in a constant temperature system, the pressure of the gas (p  gas), the 
saturated vapor pressure (p  0) and the pressure of the liquid (p  liq) must all be equal.
In a capillary, the adsorption layers in the pores form a concave liquid-gas interface 
(meniscus). Compared to the vapor pressure at the liquid-gas interface of a flat 
surface, the pressure of gas over a concave surface is less than the saturated vapor 
pressure ( p  gas < p  0). This leads to vapor c ondensation in pores at pressures less 
than p  0, a phenomenon which Zsigmondy called cap illa ry condensation [Gregg &
Sing, 1982]. In porous solids it is widely accepted that capillary condensation is 
responsible for the filling of mesopores. Capillary condensation follows the process 
of multilayer adsorption, and the pores become liquid filled.

The Kelvin equation, the advanced studies of Zsigmondy theory in 1911 
relates this reduced pressure (p/p 0) to the radius of curvature of a concave meniscus
as shown in (Equation 3-1). This theory is based on thermodynamic considerations of 
free energy change, and is used to calculate the pore size distribution (PSD) of a solid 
(Gregg & Sing, 1982).

In
\P  0

- 2  y V L 

t -R T
(3-1)

Here p Ip 0 is the relative pressure of vapor in equilibrium with a meniscus having a 
radius of curvature r m , and y and V 1 as the surface tension and molar volume of the 
liquid adsorptive, respectively.

In the years 1916-1918, Langmuir developed his theory of adsorption based on 
a kinetic model, and it is still widely recognized today as a pioneering effort in the 
characterization of solids [Gregg & Sing, 1982], This theory is based on the concept
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of an array o f active sites on the surface of the adsorbent, to which one molecule can 
adsorb onto each site, interactive forces exist between molecules, and only a 
monolayer film formed along the flat surface [Langmuir, 1918]. The Langmuir 
adsorption isotherm shows a linear relationship between the amount adsorbed and the 
pressure o f the adsorbate. Clearly, this method does not represent adsorption on 
practical porous adsorbents and is very rarely used to determine the surface area of 
adsorbents.

In the 1940s, Brunauer, Emmett and Teller published the BET theory which 
has been widely used for the determination of porous solid structures using gas 
adsorption. Today, it is standard practice to measure the physical adsorption of 
nitrogen at 77 K, and the data are typically evaluated using the BET method corrected 
for the film thickness (Sing, 2001). The assumptions underlying the simplest BET 
isotherm are as follows:

• Gas adsorbs on a flat, uniform surface of the solid with a uniform heat of 
adsorption due to Van der Waals forces between the gas and the solid.

• There is no lateral interaction between the adsorbed molecules.
• After the surface has become partially covered by adsorbed gas molecules, 

additional gas can adsorb either on the remaining free surface or on top of the 
already a dsorbed 1 ayer. T he a dsorption o f  t he ร econd a nd ร ubsequent 1 ayers 
occurs with a heat o f adsorption equal to the heat of liquefaction of the gas.

Even though this theory was reliable on the assumption mentioned above, the 
disadvantage O f  t he BET t heory h as b een d etermined. It i ร ท ow k nown t hat f  orces 
between the adsorbate molecules, as well as the forces exerted by the pore walls, 
affect the surface tension and density of the liquid within the pores. The doubtable 
explanation of the BET theory has directed researchers toward finding corrected 
values of surface tension and density when evaluating adsorption data. Although, the 
BET model has been questionable due to significant limitation in its usage, this theory 
remains the most popular method for surface area calculations today. Attempts have 
been made by many researchers [Brunauer and Deming, 1940, Brunauer Teller, 1938] 
to modify the BET equation using more fitting parameters and have resulted in a 
modified Kelvin equation.
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In 1951, Barrett, Joyner, and Halenda (BJH) published a method for 
estimating the volume and area of porous adsorbents. By assuming cylindrical pores, 
zero contact angle and correcting for the thickness of the layer already adsorbed, the 
radius o f each pore (r ) can be calculated using the sum of the Kelvin radius ( r k ) and
the thickness of the film (t) at that relative pressure as illustrated in Equation 3-2 and 
Figure 3-10.

r p  =  r k  +  t (3-2)

Figure 3-10 Pore and coremodels for mesoporous adsorbent adapted fromNaono 
(2001).

The K elvin e quation m odified f  or a c ylindrical porous ร olid i ร p resented i ท 
Equation 3-3. With this equation, Pore Size Distribution (PSD) can be calculated by 
using the adsorption or desorption isotherm information.

\P o  y
- < r v 1.
r kRT

(3-3)

where <7 is the surface tension of the bulk adsorbate at system temperature. In the 
case o f desorption process, the meniscus o f the condensed adsorbate was usually 
assumed to be hemispherical and the following form of the Kelvin equation was 
obtained:
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4.078

\P  O J

When y =  8.88 mN m'1, VL = 34.68 cm3 mol'1 at 77 K

(3-4)

The adsorptions were transformed into t-p lo t by replacing the relative pressure 
(p/p0) into the statistical thickness (t) of the adsorbed layer at the corresponding
relative pressure. The relationship o f wall thickness (/) obtaining from the BET plot 
could be revealed as the following equation, which was used later in order to compute 
the pore diameter (Rouquerol, 1999).

(  A0 333
t -  3.54 (3-5)

Many authors have reported that BET measurements and PSD analysis using 
the BJH equation (Equation 3-2 and 3-3) may underestimate the pore volume in 
porous solids, and should only be used as a first approximation (Sing, 1989; Carrott et 
al., 2001). This is because the thickness of the multilayer formation is assumed to be 
in a close-packed liquid-like state when using the BET approach. It is believed that 
the molecules within the pore spaces may be in a much more tightly bound state, 
leading to surface areas for the molecules smaller than on a flat plate, hence, 
underestimating the pore volume.
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3.4 Experimental

In this chapter, MCM-41 called Parent MCM-41 was chemically produced 
from a commercial silica source. In order to produce a good quality of MCM-41 
product that is both cost-effective and environmentally friendly, the most empirically 
promising route without pre- and post-synthetic treatment was introduced.

3.4.1 Materials and Chemicals
Hexadecyltrimethylammonium bromide, CTAB (Wako Pure Chemical 
Industries, Ltd.)

- Tetraethylorthosilicate, TEOS (98%, Aldrich)
- Ammonium hydroxide (29.80 %, Carlo Erba)
- Ethanol (99.8 %, Carlo Erba)

Deionized water
Air zero

3.4.2 Apparatus and Instruments
Teflon beaker
Quartz tube (5 cm. diameter and 50 cm. length)
Furnace
X-Ray Diffractometer (Bruker model axs D5005 X-diffraction)

- Fourier Transform Infrared spectrometer (Nicolet: model Impact400D)
- Transmission Electron Microscope (JEOL-JEM-200 CX)

Scanning Electron Microscope (JEOL-JSM-6400)
Micromeritics Sorption Analyzer (ASAP 2010)

3.4.3 Methodology

Since MCM-41 has not been yet commercialized, the parent MCM-41 was 
synthesized by the method modified from Kumar (2001). The reaction easily took 
place at room temperature under atmospheric conditions. CTAB and TEOS were used 
as a commercial surfactant and silica source respectively. To moderately produce 1 g 
of MCM-41, the amount of those reactant was prepared in the molar basis of 0.15
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CT AB: 1 TEOS: 1.64 NH4 OH: 1.26 H2 O. The exhaustive procedure is presented 
below.

1. One g o f  CTAB was dissolved in 50 mL o f deionized water in the Teflon 
beaker and vigorously stirred until the solution was homogeneous and 
clear.

2. 3.33 mL o f 1 M ammonium hydroxide was added slowly into the solution. 
Then, the mixture was stirred further for 5 minutes at room temperature.

3. After that, 4.162 mL o f TEOS was transferred into the aqueous solution. 
The homogeneous mixture was stirred continuously at room temperature 
for 2 days to allow for the crystallization.

4. Then, the gel was filtered through Whatman paper No. 48 using vacuum 
suction, rinsed with 30 mL o f ethanol and washed with deionized water 
consecutively.

5. The precipitated solid was calcined at 550 ๐c  in the furnace purged with 
air for 5 h. Finally, it was cooled and kept in desiccator.

3.4.4 Sample Characterizations

The physical structure and properties o f calcined samples were examined by 
spectroscopic and microscopic techniques. The study o f crystallinity change was 
carried out by XRD diffractogram. Physical characteristics o f  the sample, in particular 
the specific surface area, pore size, pore volume and pore sized distribution was 
determined by Nitrogen adsorption isotherms combined with the BET method. FTIR 
spectroscopy provided the descriptions o f functional groups contained in MCM-41. In 
addition, material features, morphology and molecular arrangement were examined 
by the SEM and TEM microscopic techniques. The sample preparations and analysis 
condition are described later.

3.4.4.1 X-Ray Diffraction (XRD)

Powder XRD patterns were obtained using Cu K a radiation on a Bruker axs 
D5005 diffractometer. The x-ray was generated with a current o f 40 mA and a
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potential o f  40 k v . The samples were scanned from 1 to 10 degrees (20) in steps o f 
0.06 degrees per minute. The powder patterns o f  the samples were recorded at the 
same time and with the same amount o f material, so that the intensity o f  the peak 
height (100) could be compared.

3.4.4.2 Scanning Electron Microscope (SEM)

Sample powder was sprinkled as a thin layer on adhesive tape on a brass bar. 
Excess amount was blown away with an air spray. The sample was then coated with 
gold in the JEOL (JFC-1100E Ion) sputtering device and transferred into the JEOL 
(JSM-6400) sample chamber at the accelerating voltage o f 15-40 kv.

3.4.4.3 Transmission Electron Microscope (TEM)

Prepared ร pecimens พ ere d eposited o ท a 3 00 m esh c opper grid a nd r apidly 
transferred to a JEOL-JEM-200 c x  transmission electron microscope operated at 100 
kv.

3.4.4.4 Fourier Transform Infrared Spectrometry (FTIR)

The sample was ground with an agate mortar and pestle until it was 
approximately the same consistency as the KBr powder then added and mixed 
thoroughly with the mixture. After that the homogeneous powder was transferred into 
sample barrel and pressed with 13 tons force for 1 minute and put on a V-mount cell. 
The FTIR spectrum was recorded in the range o f 400-4000 cm'1.

3.4.4.5 Nitrogen Adsorption Isotherms and Brunauer, Emmett and 
Teller (BET) Analysis

The adsorption and desorption isotherm and surface area were measured at 77 
K on a Micromeritics ASAP 2010 sorption analyzer using nitrogen. Before 
measurement, samples were pretreated with heat at 105 °c  over night to remove 
moisture then outgassed at room temperature under the vacuum. The t-plots shapes 
are identical to those o f a-plots determined from the N 2 adsorption isotherm. Specific



48

surface areas o f  the studied materials were calculated using the standard BET method 
at the relative pressure range o f 0.05-0.15. Pore diameters were estimated from the 
peak positions o f  BJH pore size distribution curves calculated from the adsorption 
isotherms. The mesoporous volumes were estimated from the amount adsorbed at the 
relative pressure o f  about 0.95.

3.4.5 Results and Discussion

3.4.5.1 XRD Characteristics

The XRD patterns o f the calcined parent MCM-41 typically exhibits four 
reflections corresponding to Bragg peaks in the range o f  20 between 2-8 at 2.6, 4.2, 
4.8, and 6.3 as seen in Figure 3-11. The reflections are due to the ordered hexagonal 
array o f parallel silica tubes and can be indexed assuming a diffraction unit cell as 
(d i o o ), ( d l  1 0 ) ,  (d 2 0 0 )  and (d 2 1 0 ), which are distinctive patterns particularly found in 
pure silica MCM-41 [Beck, 1992; Chen, 1993; Ciesla, 1999]. The high intensity o f 
( d l O O )  spacing illustrates the hexagonal mesoporous material with a high degree o f  
long range ordering o f the structure and well-formed hexagonal array presented in the 
parent sample.
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Figure 3-11 X-ray powder diffraction patterns o f the parent MCM-41.

3.4.5.2 Nitrogen Isotherms and BET Analysis

Although the XRD crystallinity pattern was found to correspond to the reference 
peak o f MCM-41, the surface analysis o f the surface area, pore volume, pore diameter 
and pore size distribution was required for proper characterization o f  porous solid. The 
specific surface area can be obtained from nitrogen isotherms using the BET model 
(Equation 3-7). By means o f nitrogen isotherms, the pore size distribution, pore diameter 
and pore wall thickness can be calculated by using the BJH method described in Equation 
3-2 to 3-4.

The nitrogen adsorption and desorption isotherms for the parent MCM-41 
materials are shown in Figure 3-12. The step in the isotherms reflects a narrow and 
uniform distribution o f the pore size, while its height indicates the pore volume. 
According to IUPAC classification, the typical sorption measurements follow the type
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IVc isotherm with a high porosity (0.87 cm3 g'1) and a large surface area (800 ± 25 m2 
g"1). This type IVc isotherm is a characteristic o f porous materials with a narrow range 
o f uniform and cylindrical pores. At low relative pressures (P / P o  < 0.26), the 
formation o f a monolayer o f  adsorbed molecules is the predominant process. At 
higher pressures (P / P o  > 0.26), the adsorption in mesopores leads to multilayer 
formation until condensation takes place, giving a sharp increase in adsorption 
volume. As the mesopores are filled, the adsorption continues on the external surface. 
The isotherms usually exhibit a sharp inflection at P / P o  in a range o f  0.30-0.40, 
corresponding to capillary condensation within uniform mesopores. The sharpness o f  
this step inferred the uniformity o f pore size distribution. The information revealed 
from the nitrogen isotherms is a unique characteristic found in good agreement with 
mesoporous materials reported elsewhere [Selvam, 2001; Zhao, 1996].

Small significant hysteresis identified as Type Hi hysteresis was observed in 
the adsorption and desorption isotherms. The Type Hi hysteresis loops inferred that 
the synthesized MCM-41 was a mesoporous solid having nearly uniform size pores or 
a narrow pore size distribution.

Figure 3-12 Adsorption (solid line) and desorption (dotted line) isotherms o f nitrogen 
at 77 K on the parent MCM-41.
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The plot o f  the derivative o f the specific pore volume (V) with respect to the 
pore diameter (D) as (dV/dlogD) versus the pore diameter is shown in Figure 3-13. 
The calculation was based on the BJH method, which is basically used for the 
physisorption o f  nitrogen on a porous solid. It was found that the pore size 
distribution was quite narrow, and in the range o f 20-35 Â. As shown in Figure 3-13, 
the average pore diameter determined from the adsorption isotherm was 29.5 Â and 
that from the desorption isotherm was 29.0 Â.

Figure 3-13 Pore size distributions o f the parent MCM-41 calculated from nitrogen 
adsorption and desorption isotherms at 77 K by using BJH model.

3.4.5.3 SEM Morphology

Surface morphology o f the synthesized sample was characterized using the 
SEM technique. The SEM image shown in Figure 3-14 could not show details o f the 
pore wall structure due to the inadequate magnitude and resolution o f scanning. 
However, it was seen that two kinds o f agglomerated crystals, circled-like and drum
like particles with particle size estimated in the range o f 500-1000 nm were observed.
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These morphologies were similar to the SEM results of highly ordered MCM-41 [Cai 
et. al., 1999]. The details of hexagonal pore structure were determined by using the 
TEM technique which is described later.

Figure 3-14 SEM images of the parent MCM-41 with the magnitude 10,000x (a) and 
the magnitude 15,000x (b).
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3.4.5.4 TEM Morphology

To elucidate the pore structure of MCM-41, Transmission Electron 
Microscopy (TEM) was used. Figure 3-15 shows a TEM image of the hexagonal 
arrangement of uniform, approximately 3 nm-sized pores in a sample of MCM-41. 
Because o f t he 1 imitation o f  i mage r esolution, t he e xact analysis O f  p ore ร izes a nd 
thickness of the pore walls are very difficult and not possible without additional 
analysis. The wall thickness can be determined by using the nitrogen adsorption data 
as mentioned above. However, it should be noted that pores of MCM-41 are likely to 
be hexagonal rather than circular. The formation of the hexagonal pore walls was 
already explained in terms of maintaining the self-assembled rod like structure which 
is discussed later.

Figure 3-15 TEM image of the parent MCM-41 with the magnitude of 150,000x.

3.4.5.5 Fourier Transform Infrared Spectrometry (FTIR)

Infrared spectrometry is applied to the qualitative and quantitative 
determination of molecule species of all types. The most widely used region is the 
mid-infrared that extends from about 400 to 4000 cm'1. The well-known transmittance 
spectra of the parent MCM-41 are visible in Figure 3-16. The vibrational mode 480 
cm1 is represented as Si-0 bonds. A peak exhibited near 800 cm'1 is attributed to the
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symmetrical Si-O-Si stretching mode. High intensity contributed at 1100 cm'1 is due 
to the vibration of oxygen atoms joining with the adjacent silicon atoms in the 
asymmetric stretching of Si-O-Si bonds. A broad absorption around 3500 cm'1 is due 
to H-bonded silanols (Si-OH), which acts as proton acceptors. It was obviously seen 
that the main FTIR peaks of the MCM-41 particles shows a characteristic of 
amorphous silicon dioxide (SiC>2), which is similar to the pattern found in rice husk 
silica. The additional peak appeared around 961 cm'1, which is assigned to the 
symmetric stretching vibration of Si-OH groups and identified to be a distinguished 
appearance of the MCM-41 molecular sieve [Gu, 1999]. The interfering spectrum at 
1600 cm'1 is inferred as the presence of carbon dioxide generally associated in the 
sample.

4500 4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumber (cm'1)

Figure 3-16 Transmittances FTIR spectra of the parent MCM-41.

3.4.5.6 Formation Mechanism of MCM-41

The schematic diagram of MCM-41 formation is presented in Figure 3-17. As 
proposed by many authors, the properties of MCM-41 are significantly influenced by
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reactants, synthesis parameters and the method used. In this work, the parent MCM- 
41 was prepared by using CTAB and TEOS in the aqueous solution at 25 ๐c. The 
mechanism was described as follows. The CTAB molecules are first protonated to be 
highly reactive CTA+, which later forms rod-like micelles, while TEOS molecules are 
hydrolyzed and form negative silicate species. The formation of a liquid crystal phase 
is performed initially one by one single rod by the deposit of silicate species on the 
organic templates to produce the silicate walls of MCM-41. In concentrated solution, 
many nuclei are formed, and grow in the early stage, followed by aggregation of these 
nuclei to form hexagonal arrays. After nucléation growth, the calcination is employed 
consequently to remove t he template out and stabilize the pore structure. The final 
product is siliceous MCM-41, which possesses a uniformly hexagonal structure and 
contains functional groups corresponding to the characterization results.
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Figure 3-17 Proposed formation of MCM-41 synthesized from CTAB and TEOS; 
cross-sectional pattern of cylindrical micelles of a silicate complex.
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3.5 Summary

Siliceous MCM-41 material synthesized by following the Kumar method 
showed the unique characteristics of highly ordered MCM-41 as found in many 
publications. The results from the XRD and FTIR characterizations performed 
distinctive c haracteristics o f  ร iliceous M CM-41, พ hich a re i ท g ood a greement พ ith 
that of other authors. The nitrogen adsorption isotherm was type IVc with a narrow 
pore size distribution in the range of 20-35 Â. The average pore diameter determined 
from the BJH model was 29.5 Â and the BET surface area was approximately (800 ± 
25) m2 g'1. It was concluded that the synthesized mesoporous sample is the MCM-41 
type material with its excellent porous properties. This synthesized MCM-41 was 
used as the prototype for the synthesis of MCM-41 from rice husk silica (RH-MCM- 
41) as presented in the next chapter.
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